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The composition of the sediment is known to influence the distribution of 
estuarine biota, as it can provide both habitat and, either directly or indirectly, a 
food source for invertebrates and fish. While the flora and fauna of estuaries are 
often well studied, less focus is typically placed on elucidating the composition of 
the sediment. Thus, this study characterised and classified the sediments of the 
nearshore and offshore waters of the Swan-Canning Estuary. Multivariate 
statistical analyses indicated that the composition of the sediment from 20 
nearshore and 16 offshore sites, in two seasons, differed significantly among 
water depths, seasons and sites, with seasonal changes only being detected in 
offshore waters. Differences in sediment composition between water depths 
were particularly marked due to higher contributions of particulate organic 
matter and finer inorganic grain sizes present in offshore waters. A quantitative 
classification of the sediment composition using the CLUSTER and SIMPROF 
procedures identified 11 significantly different sediment types, which were used 
to produce a comprehensive map of the sediment types present within the Swan- 
Canning Estuary. A decision tree was then constructed, which provides a set of 
quantitative thresholds to allow for the sediment type to which any new sample 
(site) from within the estuary belongs to be identified. 
 
 
As well as a marked decline in the abundance of the Western School Prawn 
(Metapenaeus dalli) in the Swan-Canning Estuary since the 1980s, anecdotal 
evidence from recreational fishers also indicated that there had been a spatial 
shift in their distribution within the estuary, away from the upper reaches. In the 
past, migration into these areas was thought to be driven by an increase in 
salinity. Declining rainfall has resulted in this change in salinity occurring earlier 
and it is hypothesised that a change in sediment composition may be responsible 
for the shift in the abundance of M. dalli away from these upper reaches. To 
test this 
v  
theory, the density of M. dalli was recorded monthly between October 2013 and 
August 2014 at 36 sites representing each of the 11 sediment types. The results 
demonstrated that the density of M. dalli differed among sediment types in 
summer, but not winter, perhaps due to the homogeneity of the sediment types 
in the latter season. No difference in the average length of M. dalli among 
sediment types was detected in either season, suggesting that the prawns are not 
spatially distributed by size classes within the estuary. 
 
 
Laboratory experiments, conducted under controlled conditions, were used to 
investigate whether M. dalli exhibited a preference for one of two sediment types 
one from the upper reaches of the spatial extent of the study (i.e. Garratt Road 
Bridge) and one from the lower reaches (i.e. Dalkeith). The results demonstrated 
that prawns did exhibit a preference for both nearshore and offshore sediments 
that contained a lower percentage contribution of larger grain sizes and/or a 
higher percentage contribution of finer grain sizes (i.e. those at Dalkeith). These 
experiments also revealed that emergence and activity rates of M. dalli are 
strongly related to photoperiod, with individuals preferring to remain buried 
during daylight hours and become active during darkness. Visual observations 
also indicated that the prawns were able to bury more rapidly in finer than 
coarse sediments, thus reducing their length of exposure to predators. 
 
 
In summary, this study has provided evidence to show that the composition of 
the sediment does influence M. dalli and that this species exhibits a preference 
for finer sediments in the lower reaches of the estuary, thus supporting the 
hypothesis that a change in the sediment composition may be responsible for the 
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Chapter 1: General Introduction 
 
 
1.1: The estuarine environment 
 
The definition of an estuary by Potter et al. (2010), modified from Day (1980) is 
that an estuary is “a partially enclosed coastal body of water that is either 
permanently or periodically open to the sea and which receives at least periodic 
discharge from a river(s), and thus, while its salinity is typically less than that of 
natural sea water and varies temporally and along its length, it can become 
hypersaline in regions when evaporative water loss is high and freshwater and 
tidal inputs are negligible”. This definition excludes open and intermittently 
closed lakes and lagoons as they lack fluvial input (Potter et al., 2010). 
 
 
Estuaries are amongst the most productive of all aquatic ecosystems 
(e.g. Schleske and Odum, 1961; McLusky and Elliot, 2006). This productivity can 
be attributed to high levels of nutrients within the sediment and water column 
due to them receiving allochthonous sources of carbon and nutrients as well as 
producing their own through nutrient cycling (autochthonous sources; Pinckney 
et al., 2001, McLusky and Elliot, 2006). As a transitional water body, i.e. a water 
body between both freshwater and marine habitats (McLusky and Elliott, 2007), 
estuaries are thus influenced by processes derived from both ecosystems, for 
example, tidal influences from the ocean and urban runoff from the catchments 
(Cooper, 2001; McLusky and Elliot, 2006). As a result of these multiple influences, 
estuaries are highly dynamic environments, with changes in, for example, salinity 
changes over a matter of hours (e.g. tidal cycle), days (e.g. storm/flooding events), 
months (e.g. seasonal variations in weather) and years/decades (e.g. climate 




The geomorphology and hydrology of estuaries is diverse and results in a range 
of water circulation patterns being present, for example; i) salt wedge/highly 
stratified, e.g. Mississippi (USA.) and Swan-Canning (Australia), ii) fjords, e.g. Oslo 
fjord (Norway), iii) partially mixed, e.g. Elbe (Germany) and iv) homogeneous, 
e.g. Solway Firth (UK; McLusky and Elliot, 2006). Salt wedge estuaries are 
characterised by lighter freshwater flowing downstream over the top of the 
prevailing and heavier seawater, with mixing occurring at the interface/wedge 
(Geyer and Farmer, 1989; McLusky and Elliot, 2006). Fjord hydrology is similar 
to that of salt wedge estuaries, however, the addition of a shallow sill at the 
entrance restricts the tidal influences of marine waters (Stigebrandt and Aure, 
1989; McLusky and Elliot, 2006). A partially mixed estuary is one where tidal 
inflow is greater than the freshwater flow and continuous mixing of the two 
different salinity gradients is observed (Geyer et al., 2000; McLusky and Elliot, 
2006). In a homogenous estuary, the circulation patterns of fresh and saline 
water are governed by influences of the Coriolis force, which causes a 
horizontal separation of flow (McLusky and Elliot, 2006). 
 
 
Estuaries have also been classified into four main categories based on the extent 
of the tidal influence they receive, i.e. microtidal (tidal range <2 m), mesotidal 
(2-4 m), macrotidal (4-6m) and hypertidal (>6 m). The complex pattern of 
distribution of these different types of estuaries worldwide is shown in Whitfield 
and Elliott (2011). The influence of tidal forces is a major driver on the ecosystem 
functioning and ecology of estuaries. Thus, the environment of microtidal 
estuaries in south-western Australia is very different to that found in macrotidal 
system of, for example, Northern Europe. For instance, in macro/hypertidal 
systems, i) tidal water movement also results in marked diurnal changes in 
salinity and provides a mechanism for the upstream transport of larvae into the 
system, as opposed to the marked seasonal changes in salinity in microtidal 




discharge. ii) Large tides create extensive intertidal areas, thus providing habitat 
for microphytobenthos, which produce most primary productivity, as high tidal 
scour inhibits development of seagrasses and macroalgae. iii) Tidal forcing 
resuspends sediment, increasing turbidity and inhibiting growth of 
phytoplankton and iv) allochthonous detrital input derived from both the 
catchment and marine waters, rather than just the catchment, as with microtidal 
systems. A more detailed summary of these differences is provided by Potter 




1.2: The importance of estuaries 
 
The importance of estuaries is well documented, for example these systems 
provide an important nursery area for the juveniles of many marine fish species, 
some of which are of commercial and recreational importance (Potter et al., 
1990; Elliott and Hemingway, 2002; Able and Fahay, 2010). As transitional 
waters, estuaries also provide an essential route for diadromous species to 
migrate between their spawning and main feeding areas (McDowall, 1988). The 
high productivity of estuaries enables the juveniles of marine species to grow 
rapidly and thereby become less susceptible to predation (Sogard, 1992; Potter 
et al., 2011), while the high turbidity in macro/hypertidal estuaries reduces the 
visibility of fishes to visual avian and fish piscivores (Blaber and Blaber, 1980). 
The sheltered environments of estuaries result in beds of seagrasses and 
macroalgae and, also in tropical areas, mangroves. These habitats increase the 
structural complexity of the environment and thus provide cover as well as a 
habitat for the prey of juvenile fishes in (Odum and Heald, 1972; Humphries 




1.3: Anthropogenic pressures on estuaries 
 
Unfortunately, despite wide recognition as a crucial environment for many 
species and one of the most valuable environments in terms of the ecosystem 
services it provides (Costanza et al., 1997), estuaries, particularly those in 
temperate regions, are regarded as the most degraded of all aquatic 
environments (Jackson et al., 2001; Tweedley et al., 2012). Their uses as 
transport routes, the fertile alluvial soils in the catchments and the sources of 
freshwater and food (fish and crustaceans) and, more recently, recreation, have 
resulted in concentrations of human activity on estuaries and their catchments. 
In fact, 22 of the 32 largest cities in the world are being built around estuaries 
(Edgar and Barrett, 2000; Robson et al., 2008). Anthropogenic impacts that have 
negatively influenced the health of estuaries have included port construction and 
the dredging of shipping channels (e.g. Dauvin, 2008), the introduction of non-
native species (e.g. Carlton, 1989), constructing dams which, inhibit the migration 
of diadromous species and reduce freshwater flows (e.g. Rosenberg et al., 1995; 
Gillanders and Kingsford, 2002), input of sewerage and agricultural runoff 
resulting in eutrophication (e.g. Cloern, 1996; Kennish, 2002; Radke et al., 
2004) and the input of industrial wastes (e.g. Rate et al., 2000; Dauvin, 2008; 
Tweedley et al., 2015a). These anthropogenic activities often have detrimental 
effects on the estuarine ecosystem, altering characteristics of the benthic 
environment and water quality (e.g. Borja et al., 2000; de Jong et al., 2002; 




1.4: Swan-Canning Estuary 
 
The Swan-Canning Estuary is a shallow, permanently open system located in 
south-western Australia. The estuary is ~50 km long and ~40 km2 in area, and 
the majority of the system is <5 m deep, with extensive sand flats of ~0.5 m deep, 




This highly urbanised estuary flows through the capital city of Perth and its 
 
121,000 km2 catchment contains over 75% of Western Australia’s 2.5 million 
people (Australian Bureau of Statistics, 2014). Unlike many other urbanised 
estuaries, particularly those in Europe, little heavy industry occurs in the 
catchment and the effects of shipping are restricted to the lower 2 km of the 
entrance channel. Therefore, the majority of anthropogenic inputs are derived 
from nutrients associated with agricultural practices occurring in the very large 
catchment, suburban areas (e.g. storm water runoff, lawn fertilizer) and pollution 
caused by recreational boating (Gerritse, 1998; Swan River Trust, 




Benthic macroinvertebrates, due to their limited mobility and wide range of 
responses to degradation are excellent indicators of the health of ecosystems 
(e.g. Warwick and Clarke, 1993; Borja et al., 2000; Tweedley et al., 2012). It is 
therefore relevant that the benthic macroinvertebrate fauna of the large central 
basin region of the Swan-Canning Estuary, changed between the 1980s and 2000s 
in ways consistent with a deterioration in the quality of the benthic environment 
as this system became more eutrophic, contaminated and disturbed (Wildsmith 
et al., 2011; Tweedley et al., 2014a). These changes included declines in the 
densities and species richness of crustaceans, which are sensitive to 
environmental degradation, whereas those of polychaetes, which are far more 




1.5: Western School Prawn 
 
There are 28 species of Metapenaeid, all of which occur throughout the inshore 
and estuarine waters of the Indo-West Pacific (Dall et al., 1990; De Grave et al., 
2009). Of these species only one, the Western School Prawn, Metapenaenus dalli, 




the Western Australian coastline from Cape Naturaliste in the south to Darwin in 
the north, with individuals also recorded in Java. Metapenaenus dalli is 
associated with sand and sandy mud substrates in inshore waters and estuaries, 
with this species only being found in marine waters above a latitude of 31°S, but 
only in estuaries, such as the Swan-Canning and Peel-Harvey, below this point 
(Potter et al., 1986; Kailola et al., 1993). 
 
 
A study by Potter et al. (1986) demonstrated that this species completes its life 
cycle within the Swan-Canning Estuary and is therefore classified as a solely 
estuarine species sensu Potter et al. (2015). Spawning occurs in the estuary over 
a protracted period between November and April (Potter et al., 1986). Following 
spawning, the eggs and larvae spend about a month in the plankton before 
becoming benthic after having been at the post-larvae stage for 15 days (Crisp 
et al., submitted). The first 0+ recruits appear in the nearshore waters of the 
estuary between February and April (Potter et al., 1986). Growth is highly 
seasonal, with almost no growth occurring over the cooler winter months, during 
which time the prawns migrate to the deeper waters of the estuary (Potter et al., 
1986, 1989). Growth then recommences in spring and the 0+ prawns reach 
sexual maturity in time for spawning to occur in November. A proportion of the 
population then survive, remaining within the system, until the next spawning 





Metapenaenus dalli, together with the Western King Prawn, Penaeus 
latisulcatus, were the focus of a small commercial and iconic recreational fishery 
in the Swan- Canning Estuary. The commercial fishery catch peaked at 15 tonnes 
in 1959, but declined with the last significant catch of 3 tonnes recorded in 1975, 
resulting in the fishery closing shortly after (Smith, 2006). At its peak, the 
recreational prawning involved over 50,000 people in the Perth Metropolitan  




iconic pastime, particularly during the Christmas period (Smithwick et al., 2011). 
Catch rates in the recreational fishery also declined, with the last significant 
catches recorded in the late 1990s (Maher, 2002). Overfishing and changing 
environmental conditions are thought to be responsible for an initial decline 
followed by continued recruitment failure due to low levels of broodstock and a 
lack of recruitment from other estuaries and/or marine waters (Smith, 2006; 
Smith et al., 2007). 
 
 
Despite M. dalli being an iconic species for recreational fishers in the Perth 
 
Metropolitan area, little research has been conducted on this species (Potter, 
 
1986, 1989; Smith et al., 2007). Historically, the distribution of M. dalli was 
restricted to the middle and lower estuary in winter, with individuals migrating 
into the upper parts of estuary (i.e. between Perth Water and Ron Courtney 
Island) during the summer months as the salt wedge moved upstream and thus 
these waters became more saline (i.e. >30; Potter et al, 1986). However, 
anecdotal evidence from recreational fishers suggests that M. dalli is no longer 
present in these upstream areas (Smithwick et al., 2011). As, due to declining 
rainfall caused by climate change, these waters are now more saline than 
before and that penaeids populations are strongly influenced by the substratum, 
it is hypothesised that a change in the sediment composition may be responsible 




1.6: Thesis objectives 
 
This thesis had four overall objectives: 
 
1) To determine the sediment composition (i.e. amount of particulate 
organic matter and percentage contribution of inorganic grain sizes) 
from a range of sites in both the nearshore and offshore waters of the 




2) To quantitatively classify the above sediments into a number of 
statistically distinct sediment types, produce a sediment map and 
develop a predictive framework to enable calculation of the sediment 
type to which any new sample of sediment from the Swan-Canning 
Estuary belongs (Chapter 2). 
3) To assess the relationship between the M. dalli and the sediment types 
identified in Chapter 2, by determining whether the density and length 
of this species differs among sediment types, and, if so, whether the 
pattern of relative differences between the prawn data and sediment 
types match, i.e. are correlated (Chapter3). 
4) Validate the field relationships between M. dalli and sediment type by 
conducting a series of laboratory trials under controlled conditions to 
assess the extent of sediment preference and determine whether changes 
in the composition of the sediment may be responsible for the decline in 




In achieving these aims, this study will provide an understanding of the 
significance of sediments for M. dalli that may help interpret the decline of the 
population in the Swan-Canning Estuary. Furthermore, these findings are also 
likely assist in the development of an optimum release strategy for current 




Chapter 2: Quantitative classification of sediments in the Swan-





The composition of the sediment plays an important role in structuring the 
composition of estuarine biota, as it can provide both habitat and, either directly 
or indirectly, a food source for invertebrates and fish. While aspects of floral and 
faunal composition are generally well studied in estuarine environments, less 
focus is typically placed on elucidating the composition of the sediment. Thus, 
the aim of this chapter was to characterise and classify the sediments of the 
nearshore and offshore waters of the Swan-Canning Estuary. Sediments were 
collected seasonally from 20 nearshore and 16 offshore sites spread throughout 
the system. Multivariate statistical analyses indicated that the composition of the 
sediment differed significantly among water depths, seasons and site, albeit 
seasonal changes were only detected in offshore waters. Differences between 
water depths were particularly marked due to higher contributions of particulate 
organic matter and finer inorganic grain sizes in the offshore waters, due to the 
reduced levels of water movement creating a depositional environment. Spatial 
differences in sediment composition were also detected, mainly relating to the 
distance upstream and thus levels of water movement and extent of tidal 
transport. A quantitative classification of the sediment composition using the 
CLUSTER and SIMPROF procedures identified 11 significantly different sediment 
types that occur throughout the estuary. The sediment compositions were 
mapped and show that the estuary comprises a mosaic of sediment types. 
Finally, a decision tree was developed to provide a set of quantitative thresholds 
to allow the sediment type to which any ‘new’ sample of sediment from the Swan-






Sediments are comprised of a mixture of organic and inorganic particles, which 
form the substratum of estuarine and marine environments (Gray and Elliott, 
2009). The organic components of the sediment are represented by dead and 
living materials, faecal pellets and benthic algae (Araujo et al., 2010), while the 
inorganic particles are generally comprised of quartz, silicates, calcite and clay 
minerals that can range in size from clay through silt and sand to gravel 
(Wentworth, 1922; Dankers, 2002; Araujo et al., 2010). Sedimentary material is 
transported into estuaries from both terrestrial (via riverine flow or direct 
runoff) and marine sources (via tidal flow). The main source of sediments differs 
depending on the estuary, for example, in the Tays Estuary (Scotland), 70% of 
the sedimentary material is transported into the system via suspended sediment 
flux from marine waters. This is in contrast to the Loire (France) and Yellow 
River (China) estuaries, which receive large amounts of clay from the 




Regardless of the source of sediments, the erosion and deposition of those 
materials is governed by the speed of water movement and the size of the 
particles (Postma, 1967) and therefore the extent of tidal influence has been 
shown to have a major effect on sediment transport within the estuary. For 
example, while both macro (i.e. tidal range >2 m) and microtidal (i.e. tidal range 
<2 m) estuaries typically receive relatively large inputs of terrigenous sediment, 
the patterns of sediment deposition and erosion are different (Fig. 2.1). In 
macrotidal estuaries, coarse sediment is deposited at the point where freshwater 
discharge and tidal forces converge (Fig. 2.1a). In contrast, in microtidal estuaries 
these materials are generally deposited at the mouth of the estuary (Webster et 





































































Figure 2.1: Conceptual model showing sediment transport process in (a) macrotidal and 





macrotidal systems continually resuspend fine particles, resulting in high turbidity 
(e.g. Turner et al., 1994; Wells, 1995), whereas in microtidal systems, where no 
such currents exist, fine particles are transported into the deeper regions of the 
basin, where current velocity is low and deposition takes place (e.g. Hodgkin et al., 
1998; Harris et al., 2002; Fig. 2.1b). Moreover, this low-energy environment results 
in the trapping of up to 80% of the fine sediment transported into the estuary 
(Patchineelamn et al., 1999; Roy et al., 2001). It is also important to recognise that, 
as well as differences between estuaries, the wide range of hydrodynamic 
environments present within a system can result in a mosaic of sediment types 
occurring (e.g. Gray and Elliott, 2009). 
 
 
Estuarine sediments can be divided into two broad categories: cohesive and non- 
cohesive, with the former being fine, muddy, silty sediments that are usually 
associated with greater quantities of particulate organic matter (POM: Mitchener 
and Torfs, 1996; Araujo et al., 2010). Due to their small size, cohesive particles are 
highly susceptible to erosion and are only able to settle in areas with low water 
movement (Postma, 1967). The larger surface area to volume ratio of these small 
particles results in them being associated with higher levels of contaminants, such 
as heavy metals (Ackermann, 1980; Chapman and Wang, 2001). In contrast, non- 
cohesive sediments are comprised of much coarser grains (i.e. > 63 µm), and 
generally have lower percentages of POM (Araujo et al., 2010). Their larger size 
results in these particles being more commonly found in higher wave action areas, 





Many studies have shown that the composition of the substratum strongly 
influences the floral (e.g. Barko et al., 1991; Bradley and Stolt, 2005) and faunal 
assemblages of estuaries (e.g. Gray, 1974; Snelgrove and Butman, 1994). While 




benthic, burrowing fish species, such as gobiids (e.g. Humphries et al., 1992; Gill 
and Potter, 1993; Gill and Humphries, 1995), most studies have focused on benthic 
macroinvertebrates. For example, filter feeders have been shown to prefer sandier 
sediments, as they typically have higher levels of water movement, which erode 
fine particles and provide an effective food transport mechanism. In contrast, 
calmer (deeper) waters are often associated with finer sediments, as the reduced 
rate of water movement allows finer particles to settle and accumulate, resulting in 




The strength of sediment-infauna relationships is supported by work in 15 South 
African estuaries where differences in sediment compositions were shown to be 
more influential than the corresponding differences in salinity in structuring the 
composition of the benthic macroinvertebrate fauna (Teske and Wooldridge, 
2003). Furthermore, a number of studies have also shown that epifaunal 
invertebrate species, such as crabs, prawns and brittlestars, also exhibit a 
preference for particular types of sediment (e.g. Ruello, 1973; Jones and Simons, 




The estuaries of south-western Australia are located in a microtidal region of the 
world and vary in the temporal duration of their connection to the ocean and are 
thus classified as either permanently-open, seasonally-open or normally-closed 
(Potter and Hyndes, 1999; Potter et al., 2010). The Swan-Canning Estuary is one of 
the largest, permanently-open estuaries in this region and, due to its close 
proximity to the capital city of Perth, is one of the most studied systems in the state 
of Western Australia. In particular, extensive knowledge exists on its fish (e.g. 
Loneragan et al., 1989; Loneragan and Potter, 1990; Valesini et al., 2009, 2014), 
invertebrate faunas (Kanadjembo et al., 2001; Wildsmith et al., 2011; Tweedley 
and Hallett, 2014; Tweedley et al., 2015b) and hydrology (e.g. Spencer, 1956; 




of several studies on heavy metal levels (Gerritse et al., 1998; Rate et al., 2000), 
little focus has been placed on the sediment composition of this system. Such is the 
paucity of information on the sediments, that the most comprehensive studies on 
sediment composition were conducted by Gill and Potter (1993) and Hourston 
et al. (2009), when determining the factors influencing the spatial distribution of 
gobiid species and the spatial and seasonal variations of nematode assemblages, 
respectively. They found that, generally, sediments from sites located in the lower 
estuary were comprised of a higher proportion of fine sands than those surveyed 
in the middle and upper estuary, while those in the upper estuary contained larger 
contributions of clay and silt fractions. However, the study by Gill and Potter only 
included 15 shallow water sites located throughout the shallow, nearshore waters 
of the Swan- Canning Estuary and the study by Hourston et al. (2009) only 12 
nearshore sites. Moreover, neither study investigated any temporal trends in 
sediment composition or sediments sampled in the offshore waters. 
 
 
The main aim of this chapter is to quantitatively classify the sediment types of the 
shallow, nearshore and deeper, offshore waters of the Swan-Canning Estuary. This 
data will be used to test the hypotheses that the composition of the sediment will 
change between water depths and, within those water depths, will change spatially 
and temporally. A decision tree will then be developed to predict the sediment 
type to which any ‘new’ site within the Swan-Canning belongs to. The resulting 
categorisation of sediment types will then provide the foundation for investigating 
the extent to which sediment type influences the distribution of M. dalli both in the 





2.3: Materials and methods 
 
 
2.3.1: Study site 
 
The Swan-Canning Estuary is a shallow, permanently-open system located in south-
western Australia (Fig. 2.2). The estuary is ~50 km long and ~40 km2 in area 
and comprises a narrow entrance channel, a large central basin (Melville water), a 
smaller second basin (Perth water) and the tidal portions of the Swan and 
Canning Rivers. The majority of the estuary is < 5 m deep, with extensive sand flats 
of ~0.5 m deep, however, it reaches a maximum depth of ~20 m in parts of the 
entrance channel. This highly urbanised estuary flows through the capital city of 
Perth and its 121,000 km2 catchment contains over 75% of Western Australia’s 
2.5 million people (Australian Bureau of Statistics, 2014). As a result, the system 
has been extensively modified by anthropogenic activity (National Land and Water 
Resources Audit, 2002a, b), but it is culturally and socially important for both 
residents and tourists (Department of Conservation and Land Management, 1999). 
 
 
2.3.2: Sediment sampling 
 
Sediment samples were collected from 20 nearshore, shallow sites (i.e. <2 m deep) 
and 16 offshore, deeper sites (i.e. 2 to 17m deep) in the Swan-Canning Estuary in 
both February (austral summer) and August 2014 (austral winter) (Fig 2.2). The 
samples were collected from nearshore sites using a cylindrical corer, and from 
offshore sites using an Ekman grab. The corer was 3.57 cm in diameter (10 cm2 in 
area) and sampled to a depth of 10 cm. Once collected, a tube was placed over the 
end of the corer and the sample ejected. An Ekman grab was employed to collect 
substrata from offshore sites. This grab sampled an area of 225 cm2 and to a depth 
of 15 cm. The sediment from the grab was emptied into a plastic tray and a 
subsample of 4 cm in diameter and 10 cm in depth was collected. Two samples 









Figure 2.2: A map of the Swan-Canning Estuary, showing the location of the 20 nearshore 
and 16 offshore sites where sediment was collected in February and August 2014. The red 




For grain size analysis, sediments were defrosted, dried for at least 24 hours at 80 
 
°C and weighed, before being ashed in a furnace at 550 °C for two hours (Heiri et 
al., 2001). The percentage contribution of POM was calculated by subtracting the 
difference between the dry and ashed weight and converting that number to a 
percentage (Hourston et al., 2009). Fine sediment (i.e. sediment particles <63 µm 
in diameter) were removed from the inorganic portion of the sediment by wet- 
sieving through a 63µm sieve before drying and re-weighing. Finally, the remaining 
sediment was then wet-sieved through six mesh sizes corresponding to the 
Wentworth Scale for grain size (i.e. 63 µm, 125 µm, 250 µm, 500 µm, 1000 µm and 










2.3.3: Statistical analysis 
 
All statistical analyses in this chapter were performed using the PRIMER v6 
multivariate software package (Clarke and Gorley, 2006) and the PERMANOVA+ 
add-on (Anderson et al., 2008), with the exception of the 3-way ANOSIM test, 
which was conducted in a beta test version of PRIMER v7 (provided by Prof. Bob 





2.3.4: Preliminary investigation of spatial and temporal patterns in sediment 
composition 
The values for a range of sediment characteristics (i.e. particulate organic matter 
content and seven inorganic grain sizes namely [>2,000 µm, 1,000-1,900 µm, 500- 
999 µm, 250-499 µm, 125-249 µm, 63-124 µm and <63 µm]) were initially 
examined using pairwise scatterplots between all pairs of variables (i.e. a 
Draftsman plot), with associated Pearson’s correlation matrix, which assess 
whether the distribution of values for each of the variables were skewed and 
whether any two variables were highly correlated, i.e. r ≥ 0.95; (Clarke and 
Ainsworth, 
1993). This analysis showed that each of the variables required a square-root 
transformation and that no pair of variables were highly correlated (Fig. 2.3). Note 
that as all variables were measured using the same units (i.e. percentages), no 
normalization was required (Clarke and Warwick, 2001). 
 
 
To ensure that both the organic (i.e. particulate organic matter) and inorganic 
(i.e. the seven grain sizes) variables contributed equally to the multivariate 






































6 Fines 0.875 
4 63 µm 0.788 0.820 
2 125 µm 0.319 0.258 0.584 
3 250 µm -0.791 -0.724 -0.744 -0.291 
2 1 mm 0.465 0.354 0.274 -0.218 -0.685 
500 µm -0.227 -0.247 -0.471 -0.755 0.116 0.254 
6    2 mm 0.014 -0.164 -0.072 -0.167 -0.313 0.504 0.000 
4 
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Figure 2.3: Pairwise scatter plots between all variables of the various sediment 
composition variables and the associated Pearson’s correlation matrix. Organic = 




variables were assigned an arbitrary weight of 100, which was divided equally 
amongst its component variables (see Valesini et al., 2010). Thus, POM was 
assigned a weight of 100, while each of the seven inorganic grain sizes was given 
an equal weighting of 14.28. Finally, the pre-treated (i.e. transformed and 
weighted) replicate sediment data for each nearshore and offshore site on each 
sampling occasion was used to construct a Euclidean distance matrix. This 
Euclidean distance matrix and was then subjected to 3-way crossed Permutational 
Multivariate Analysis of Variance (PERMANOVA; Anderson, 2001) using type I 
sums of squares to determine whether sediment composition varied among sites, 
water depths and seasons and if these main effects interacted. All main effects 
were considered fixed and the null hypothesis that there were no significant 
differences among a priori groups would be rejected if the significance level (P) 
was < 5%. The same matrix was then subjected to 3-way crossed Analysis of 
Similarities (ANOSIM; Clarke and Green, 1988) test to assess the influence of each 
of the three main effects. This was achieved by comparing the magnitude of the 
test statistic (R), which typically ranges ~0, when the average similarities among 




of all samples within each group are more similar to each other than to those of 
any sample from other groups (Veale et al., 2014). As the above analyses indicated 
that there was a significant and large interaction between water depth and season, 
separate one-way ANOSIM tests were conducted to elucidate whether any seasonal 
differences in sediment composition were present within each water depth. 
 
 
Non-metric Multidimensional Scaling (nMDS) ordination plots were used to display 
visually any differences and/or similarities in sediment composition among the 
main effects and the basis for any interactions between those main effects that 
were identified by PERMANOVA. These ordination plots were constructed by 
outputting the distances among centroids matrix from the PERMANOVA+ package, 
which creates averages in the ‘Bray–Curtis space’ calculated from the replicate 
samples (Anderson et al., 2008). The plots, which show low-dimensional 
approximations to the pattern of group centroids in the full-dimensional space, 





2.3.5: Quantitative classification of sediment types 
 
To statistically identify those groups of sites that did not differ in their sediment 
composition, the pre-treated replicate sediment data for each site in each season 
were averaged, used to construct a Euclidean distance matrix and subjected to 
hierarchical agglomerative clustering with group-average linking (CLUSTER) and 
an associated Similarity Profiles test (Clarke et al., 2008). As the above test 
indicated that a significant seasonal effect was present only at sites located in 
offshore waters, the data for each site in nearshore waters in each season were 
also averaged. Note that despite the large differences in sediment composition 




the same analysis as the same variables were measured at all sites and separating 
the sites in the two water depths would exclude the possibility of a nearshore site 
being grouped together with an offshore site. 
 
 
This combination of tests firstly produced a dendrogram (CLUSTER) of the 52 
site/season combinations and then, at each node of that dendrogram, a SIMPROF 
test was performed to determine whether the group of samples being subdivided 
contained any significant internal structure. This provides an objective basis for 
determining the point in the cluster procedure at which further subdivision of the 
sites in unwarranted (i.e. are they statistically similar). The null hypothesis of no 
significant difference in sediment composition between any group of sites was 
rejected if the significant level (P) was < 5%. The raw values for sediment 





2.3.6: Quantitative prediction of sediment types 
 
The Linkage Tree (LINKTREE; Clarke et al., 2008) and SIMPROF procedures were 
employed to produce a binary decision tree whose terminal nodes represented 
each of the sediment types identified by the CLUSTER and SIMPROF analyses 
above. A set of quantitative thresholds that best discriminated between two 
pathways (or sediment types) at each node in the decision tree was also calculated. 
This enables future workers to classify sediment from new locations within the 
Swan-Canning Estuary and assign their site to either (i) the most appropriate 
existing sediment type or (ii) a new sediment type. Note that an identical 
methodology has been employed to assign sites in five estuaries in south- western 
Australia to a habitat type based on the measurement of a number of enduring 





In order to construct the decision tree, a fixed ‘model’ resemblance matrix was 
produced by averaging the pre-treated (i.e. transformed and weighted) data for 
each sediment variable across the samples employed in the CLUSTER-SIMPROF 
test (i.e. mean data for each site in each season for the offshore sites and the mean 
data for each site for the nearshore sites over both seasons) representing a 
sediment type and repeating those average values for each sample belonging to 
that sediment type. In other words, each sample belonging to a sediment type was 
given the value equal to the mean for all samples within that sediment type, so that 
the data reflect the pattern of differences among sediment types, but without any 
heterogeneity among samples. These ‘model’ data were then used to construct a 
Euclidean distance matrix. 
 
 
A corresponding data matrix was also constructed, which contained the untreated 
(raw) measurement for each of the sediment variables in each sample. Both this 
matrix and the model Euclidean distance matrix were subjected to the LINKTREE 
and SIMPROF procedures. LINKTREE was employed to construct the decision tree, 
while the SIMPROF test was used to terminate construction of the tree at those 
nodes at which the remaining samples contained no significant internal structure 
(i.e. there was no significant difference). Once again the null hypothesis of no 






2.4.1: Preliminary investigation of spatial and temporal patterns in sediment 
composition 
Three-way crossed PERMANOVA showed that sediment composition (i.e. the 
percentage contribution of POM and seven inorganic grain sizes) differed 
significantly among water depth, season and sites and that the interaction terms 
were significant (all P = 0.01%; Table 2.1). The pseudo-F values, which provide an 
indication of the relative strength of each term in the statistical model, 
demonstrated that among the interaction terms, those containing the depth main 
effect were more influential, particularly the season x depth interaction (Table 
2.1). A three-way ANOSIM test demonstrated that the R value for depth (0.968) 
 
was considerably greater than those for site (0.697) and season (0.607). 
 
Table 2.1: Mean squares (MS), pseudo F-ratios and significance levels (P) from a 3-way 
PERMANOVA on the sediment characteristics recorded at the 36 sites spread throughout 
the nearshore and offshore waters of the Swan-Canning Estuary sampled in summer 
(February) and winter (August) 2014. df = degrees of freedom. 
 
Main effects df MS Pseudo-F P 
 
Season 1 31,547 39 0.01% 
Depth 1 2,327,100 2854 0.01% 
Site 19 172,440 11 0.01% 
Interactions     
Season x Depth 1 26,968 33 0.01% 
Season x Site 19 55,280 4 0.01% 
Depth x Site 15 177,920 15 0.01% 
Season x Depth x Site 14 54,305 5 0.01% 
 Residual  73  59,519   
 
 
The results of these tests were explored visually on centroid nMDS ordination 
plots. On the plot coded for depth, the points representing the samples collected 
from offshore waters clearly separated from those representing nearshore waters. 
Thus, while those samples from offshore waters form a discrete cluster on the left 
side of the plot, the corresponding samples from nearshore waters formed a 
relatively tight cluster on the opposite side (Fig. 2.4a). Differences between seasons 
were less marked, however, but the cause of the significant season x depth 
interaction detected by PERMANOVA (Table 2.1) is evident as there is clear 











Figure 2.4: Centriod nMDS ordination plots, derived from a distance among centroid 
matrix constructed from a Bray-Curtis similarity matrix of the sediment composition at 
the 36 sites in summer and winter 2014. Point coded for (a) water depth, (b) season and 


































Multiple one-way ANOSIM tests, conducted for offshore and nearshore sites 
separately showed that sediment composition differed significantly between 
summer and winter for sites located in offshore waters (R = 0.220; P = 0.01%), but 
not in nearshore waters (R = 0.00; P = 43.50%). Thus, when classifying the sites 





2.4.2: Quantitative classification of sediment types 
 
The CLUSTER and SIMPROF procedures performed on the data for the eight 
sediment variables recorded at each of the 52 site and season combinations (i.e. 20 
nearshore sites averaged across seasons and 16 offshore sites in each of two 
seasons) identified 11 significantly different sediment types (Fig. Q). This 
classification contained two sediment types that were represented by a single site 
and season, (i.e. A and B) in the offshore waters at Deep Water Point and Como, 
respectively (Fig. 2.5a). 
 
 
The analysis split the 11 sediment types into two distinct groups at a relatively 
high level of dissimilarity, the first group of which contained only sites from 
offshore waters (i.e. A, B, C, D, E, F and G), while the second contained four sediment 
types (i.e. H, I, J and K), all of which were comprised of sites from solely nearshore 
waters (Fig. 2.5). This separation was largely due to far greater percentage 
contributions of POM being found in the sediment types in offshore waters (i.e. 9.5-
17%) than those in nearshore waters (i.e. 1-3%; Fig. 2.6a). In addition, sediment 
types in the offshore waters contained greater proportions of the smaller inorganic 
grain sizes, namely those <63 μm and 63-124 μm and consequently less of the 
grains between 250 and 499 μm than sediment types in nearshore waters 





























Figure 2.5: Dendrogram derived from CLUSTER analysis using the transformed and weighted percentage contribution of POM and various 
sediment grain sizes at each of the 20 nearshore sites (averaged for seasons) and 16 offshore sites in each of two seasons. The clusters under 
each solid black line represent sites (and seasons) at which, the sediment composition were shown by SIMPROF not to be significantly different 
from each other (P = >5%), but to be significantly different from those in all other groups of samples (P = <5%). Circles denote sites (sediment 


























































































































































































































































































































Note that the linkage tree (see later) provides quantitative thresholds that best 
discriminated between groups of sediment types and, in this case, the sediment 
types in nearshore and offshore waters separate at node A. 
 
Among the seven sediment types in offshore waters, six were present in summer 
(i.e. A, C, D, E, F and G) and three in winter (i.e. D, F, and G). Of those sediment types 
found in summer, four were represented by more than a single site. The most 
numerous of which, (i.e. C and F) where only recorded in this season and exhibited 
marked spatial separation within the estuary. Thus, while sites classified as 
belonging to sediment type F were located in the lower (western) reaches of 
Melville Water, those classified as C were located further upstream, for example, 
on the eastern shore of Melville Water, Perth Water and Maylands (Fig. 2.7a). 
These sediment types were distinguished by the far greater contribution of both 
coarser sediments (i.e. inorganic grain sizes > 500 μm) and fine grain sizes (i.e. < 
63 μm) at sites in sediment type C (~35% and ~26%, respectively) than at 
corresponding sites in sediment type F (~15% and ~15%, respectively), while the 
reverse was true for grain sizes between 125 and 249 μm (Fig. 2.6b). 
 
 
Two other offshore sediment types, both represented by two sites, were also 
present during summer; namely E, located near Rossmoyne and G, situated near 
Heirisson Island and Bayswater (Fig. 2.7a). Sediment type E, was distinguished by 
its high proportion of inorganic grain sizes <63 μm (~31%), while the sediment at 
sites in sediment type G, contained the lowest percentage contribution of POM 
(i.e. 10%) for any offshore sediment type (i.e. 12-16%; Fig 2.6a). Moreover, this 
sediment type also contained relatively low amounts of grains <124 μm, but 
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Figure 2.6: Mean percentage (a) particulate organic matter and (b) various inorganic grain 
size contributions recorded at the 11 different sediment types identified by CLUSTER and 
SIMPROF from the 36 sites throughout the nearshore and offshore waters of the Swan-Canning 
Estuary. =>2,000 µm,  1,000-1,900 µm, = 500-999 µm, =250-499 µm, =125-249 µm,  






Figure 2.7: A map of the Swan-Canning Estuary showing the spatial distribution of the 11 
sediment types identified by the CLUSTER and SIMPROF procedures. Offshore sediment 




Two main sediment types were identified by the CLUSTER and SIMPROF 
procedures in offshore waters of the Swan-Canning Estuary in winter, namely 
sediment type D, which was found at sites located in central Melville Water and 
around Deepwater Point on the Canning Estuary and sediment type G, found 
downstream of Point Walter, in upper Melville Water and in the middle Swan 
Estuary (Fig. 2.7b). The main differences between the sediment composition 
between D and G, was the presence of greater proportions of POM and inorganic 
grain sizes <63 μm at sediment type D and lower amounts of grains >2,000 μm 
(Fig. 2.6). Note that a third sediment type (B) was also identified during this 
season, but it was represented by a single site, Como (Fig. 2.7b). 
 
 
The 20 nearshore sites were classified into four sediment types (i.e. H-K) and were 
largely confined to particular regions of the estuary. Hence, sediment type H, was 
restricted to two sites at the lowermost reaches of the estuary, while sediment 
type J was located throughout the Canning Estuary and middle reaches of the Swan 
Estuary (Fig. 2.7c). The remaining nearshore sediment types were found in Melville 
Water, with those sites representing sediment type I being found around Como, 
Ardross and Pelican Point, while those sites belonging to sediment type K were 
found upstream at 3 of the 4 sites in the Middle Swan Estuary. 
 
 
In terms of sediment composition in nearshore waters, sediment types H and K 
had relatively greater amounts of POM (i.e. ~3-4 %) than sediment types I and J 
(i.e. ~1 %; Fig. 2.6a). A distinguishing feature between sediment types H and K was 
that sites comprising of sediment type H had a far higher proportion of inorganic 
grain sizes between 125 and 249 μm and lower proportions of grain sizes >500 μm 
in comparison to those in sediment type K (Fig. 2.6b). The portions of grain sizes 
>500 μm also distinguished between sediment types I and J, with J containing far 





2.4.3: Quantitative prediction of sediment types 
 
The linkage (decision) tree (Fig. 2.8) depicts the separation of 52 site and season 
combinations into the 11 sediment types by the above CLUSTER and SIMPROF 
procedures and the associated quantitative thresholds of the proportions of the 
particulate organic matter and various inorganic grain sizes that best reflect the 
differences in sediment composition between two ‘groups’ of samples at each 
branching node. This tree thus provides a set of quantitative decision rules that 
enable the sediment type of any ‘new’ sample of sediment (i.e. an additional site 
and/or new season) from the Swan-Canning Estuary to be classified, providing of 
course that they follow the methodology for collecting and quantify sediments 
used in this study. These decision rules also provide an indication of which of the 8 
sediment characteristics (i.e. the percentage contribution of POM and the seven 
inorganic grain size categories) are the most important in differentiating between 
the various sediment types. Whilst all of the eight sediment characteristics were 
selected at some point on the linkage tree, the percentage organic matter was used 
infrequently after node A (i.e. the separation between nearshore and offshore 










































































































































Figure 2.8: Linkage tree and associated quantitative thresholds for assigning new sediments from the Swan-Canning Estuary to their appropriate 
sediment type. Unbracketed and bracketed thresholds given at each branching node indicate that a left or right path should be followed, 
respectively. Note that all threshold values have not been subjected to any form of data pretreatment. The terminal node represented by a 
coloured symbol denotes the sediment type to which any new site (or sample) belongs. A% reflects the extent of inter-sediment type differences 













This study aimed to establish, firstly, whether the composition of the sediment 
within the Swan-Canning Estuary differed among water depths, seasons and sites, 
and secondly, to quantitatively group them into sediment types without employing 
an a priori hypothesis about which sites would be different from which. Sediment 
composition was shown to differ most notably among water depths, then among 






2.5.1: Influence of water depth on sediment composition 
 
The results of a three-way ANOSIM test demonstrated that sediment composition 
differed among sites (R = 0.607), and between seasons (R=0.697), and water depths 
(R = 0.968), with water depth being by far the most influential. This view is 
supported by the fact that, while nearshore and offshore sites were included in the 
same CLUSTER-SIMPROF analysis, thus giving sites from both water depths the 
chance to form composite habitat types, each of the 11 sediment types was 
comprised of sites from a single depth. Moreover, these nearshore and offshore 
sediment types were separated at the first node of the CLUSTER dendrogram. 
 
 
The marked separation in sediment composition between water depths was largely 
due to high percentage of particulate organic matter (POM) and smaller inorganic 
grain sizes (i.e. those <125 μm) in offshore sediment types and higher 
proportions of the larger (125-499 μm) grain sizes in nearshore waters. Similar 
results were also found by Tweedley et al. (2012) in Broke Inlet on the south coast 
of Western Australia. It is therefore relevant that, in both these systems, there is 
pronounced demarcation between the nearshore (i.e. < 2 m deep) and offshore (i.e. 




these shallow waters in many estuaries throughout the world tend to contain 
coarser (sandier) sediments due to the higher levels of water movement, which 
erode and transport the finer particles away from these areas (Sanders, 1958; 
Green and Coco, 2014). Water movement can be generated by a number of sources 
including freshwater discharge, tidal currents and wash generated by recreational 
water craft, which create turbulence in the water column, resuspending and 
transporting the sediments, particularly those with a smaller grain size (Beachlera 
and Hill, 2003; Green and Coco, 2014). Wave-forced resuspension in microtidal 
estuaries has been identified as an important component of sediment transport 




The far greater proportions of POM and smaller grain sizes (i.e. those < 125 μm) in 
offshore waters of the Swan-Canning Estuary can be explained by the fact that 
water movements in these offshore waters are reduced, as is the effect of any wind. 
The low energy environments present in the large, deeper central basins of the 
Swan-Canning Estuary, like in many other microtidal systems, thus act as sediment 
traps for fine particles. It is estimated that such areas may retain up to 80% of the 
fine sediment transported into the estuary (Patchineelamn et al., 1999; Roy et al., 
2001). This is in clear contrast to the situation in macrotidal estuaries where the 
substantial tidal water results in the continued resuspension of fine particles and 
thus their transport out of the estuary (Turner et al., 1994; Wells, 1995). 
 
 
2.5.2: Influence of season on sediment composition 
 
Seasonal changes in sediment composition were found to occur offshore waters of 
the Swan-Canning Estuary, but not in nearshore waters. In the offshore, waters six 
sediment types were present in summer (i.e. A, C, D, E, F and G), but only three in 
winter (i.e. D, F and G). The major variance in the pattern of spatial difference 




D or G by a factor of five. This noticeable change in sediment type was caused by 
the reduction in the amount of POM and the percentage contribution of inorganic 
grain sizes <125 µm and resultant increase in the contribution inorganic grain 
sizes >500 µm in winter. 
 
 
The Swan-Canning Estuary experiences a Mediterranean climate, where rainfall is 
largely confined to the cooler months of the year, i.e. May to September (Hodgkin 
and Hesp, 1998). Heavy precipitation in those months leads to a great increase in 
freshwater discharge and thus to scouring of the sediment and a substantial decline 
in salinity (Spencer, 1956; Stephens and Imberger, 1996). At the same time, 
the increased freshwater discharge also leads to increased sediment transport into 
the estuary (Thrush et al., 2004). These processes explain the seasonal shift in 
sediment composition that occurred in the offshore waters. Increased water 
movement in winter, as a result of the seasonal rainfall, would lead to 
resuspension and transportation of the fine sediment particles further 
downstream and out to the ocean. This is shown in this study by the fact that the 
average percentage POM of sediment type F, which are present at the five most 
downstream sites in summer, was ~17%, but that in winter these sites belonged to 
sediment types D and G, which contained lower amounts of POM (i.e. ~15.5 and 
~9.5% POM, respectively; Figs. 2.6, 2.7). A similar change was also seen in five 
sites located further upstream, particularly those classified as sediment type C in 
summer (i.e. ~14% POM), which in winter almost all became G (i.e. 9.5% POM). As 
well as scouring the finer inorganic particles, these waters would also be 
transporting terrestrially derived sediment (Thrush et al., 2004), which may 
explain the increase in the proportion of inorganic grain sizes > 500 µm that was 
seen at sediment types D and G. 
 
 
Scouring as a result of the increased water movement was shown to occur in the 




recorded a substantial shift in the benthic macroinvertebrate fauna, which they 
associated with a change in sediment composition and/or scouring and decreasing 
salinity. These authors found that the faunal changes were more pronounced in the 
nearshore than offshore waters, which they claimed experienced greater amounts 
of scouring due to the reduced depth. However, as, even in summer, when 
freshwater discharge is minimal, sites in the nearshore waters still contained low 
contributions of POM and small inorganic grain sizes. The lack of a seasonal change 
in sediment composition may reflect the fact that the nearshore waters are well 
mixed and experience a strong and persistent sea breeze during summer 
(Masselink and Pattiaratchi, 1998). This would resuspend any fine sediment and 
not allow settlement, thus, during winter, when freshwater discharge and, as a 




2.5.3: Influence of site on sediment composition 
 
ANOSIM detected significant differences in sediment composition among sites, 
however, the extent of those differences was less than those for water depth and 
season. When the sediment composition at individual sites (and seasons) was 
subjected to nMDS ordination, those sites located in the same region were generally 
located in close proximity, thus indicating that those sites had similar sediment 
compositions. This conclusion that sediment types of adjacent areas are more 
similar than those from different regions indicates that the length of the Swan-
Canning Estuary is comprised of a variety of sediment types (Fig. 2.7), a finding 
similar to the conclusions of Gray and Elliot (2009), i.e., that estuaries are 
comprised of a mosaic of sediment types. 
 
 
Friedman and Sanders (1978) suggested that sediment grain size composition is 
largely dependent on the parent material, selective and destructive transport 




a view also supported by Postma (1967) and Watson (2013). For example, within a 
water depth, the sediment at locations at the mouth of the Swan-Canning Estuary 
(i.e. sediment types F [offshore] and H [nearshore]) contained by far the largest 
amounts of the 125-249 µm grain size, one of the most abundant grain size 
fractions in nearshore waters of the lower west coast of Australia (Wildsmith et al., 
2005), and represents sediments likely to be derived from marine sands. This 
result is similar to that recorded in the Knysna Estuary (South Africa), where 
marine sands make a large contribution to the sediment composition in the lower 
estuary (Cooper, 2001), probably due to the transport of sediment from the marine 
environment by tidal currents (e.g. Meade, 1969). In general, sediment grain 
size increased further upstream, a trend that agrees with the work of Gill and Potter 
(1993). This likely reflects the decrease in the speed of water flow progressively 
downstream and thus the deposition of the larger terrestrial derived particles first. 
This trend was also mirrored in the contribution of POM in the offshore waters, 
which decreased in an upstream direction, presumably as these lighter particles 





2.5.4: Utility of the sediment classification 
 
The collection of sediment at 36 sites throughout the nearshore and offshore 
waters of the Swan-Canning Estuary in two seasons has provided a sound basis for 
characterising the sediments of this system based on POM and grain size (i.e. Fig. 
2.6). Furthermore, these data represent a substantial extension on those collected 
by Gill and Potter (1993) and Hourston et al. (2009), as, while those studies 
covered a similar spatial extent to the current study, they did not include the 
deeper, offshore waters nor investigate any temporal changes in sediment 




In conjunction with this detailed sediment data set, the use of the CLUSTER and 
SIMPROF provided a quantitative approach to grouping sites with statistically 
similar sediment compositions. The results of these analyses were the identification 
of 11 distinct sediment types and the production of the first sediment map for the 
nearshore and offshore waters of the Swan-Canning Estuary. Moreover, the use of 
LINKTREE has determined the quantitative thresholds that can be used as part of 
a decision tree to categorise the sediments of the Swan- Canning Estuary. This 
provides a mechanism for classifying the sediment type of any new site and thus 
provides a foundation for future research. With this in mind, one logical extension 







In summary, this study has demonstrated that the sediment composition of the 
Swan-Canning Estuary differs between water depths, season and sites, with the 
influence of water depth being most important. Differences in water depth were 
particularly marked due to higher contributions of particulate organic matter and 
finer inorganic grain sizes in the offshore waters. Interestingly, a significant 
seasonal effect was only shown only in the offshore waters. Finally CLUSTER- 
SIMPROF analysis 52 site and season combinations identified 11 different sediment 
types present in the nearshore and offshore waters of the Swan-Canning Estuary, 
thus demonstrating that the substratum of highly dynamic system comprises a 




Chapter 3: The relationship between sediment type and the spatial 
distribution and size structure of the Western School Prawn 




The characteristics of sediments are key factors influencing faunal distribution 
within estuaries. Many species of penaeid display a preference a for particular 
sediment types, due to their close association with the sediments for burying and 
feeding. The aim of this chapter is to establish if there are any relationships 
between the spatial distribution and size structure of Metapenaeus dalli, and the 
sediment types characterised in Chapter 2 for the Swan-Canning Estuary, and to 
elucidate whether changes in sediment may be responsible for M. dalli not being 
recorded by recreational fishers upstream of Perth Water. The abundance of M. 
dalli differed among sediment types during summer, but not during winter, due 
likely to the sediments being more homogeneous in winter when heavy freshwater 
discharge moves finer particles further downstream. While the differences in 
prawn density in summer were correlated among those sediment types, they were 
not related to differences in water quality (salinity, water temperature and 
dissolved oxygen), reflecting the fact that Metapenaeids are euryhaline and that 
stable environmental conditions are present in the Swan-Canning Estuary during 
summer. Sediment preference experiments in the laboratory demonstrated that 
prawns had a significant preference for sediment from Dalkeith (sediment type D), 
rather than further upstream at Garratt Road Bridge (sediment type G). Visual 
observation also indicated that prawns were able to bury more quickly in the 
sediments from Dalkeith than those from Garrett Road Bridge. Finally, the 
laboratory experiments also demonstrated that the emergence and activity 







The composition of the sediment, i.e. the contribution of particulate organic matter 
and the proportions of various inorganic grain sizes, is a major factor influencing 
the community structure of benthic macroinvertebrate assemblages (e.g. Gray, 
1974; Snelgrove and Butman, 1994; Teske and Wooldridge, 2001). For example, 
work by Teske and Wooldridge (2003) in 15 microtidal estuaries in South Africa 
showed that differences in sediment composition were more influential than 
differences in salinity in structuring the composition of the benthic 
macroinvertebrate fauna. These authors also suggested that the influence of 
sediment composition may have been underestimated in estuaries, due to the 
correlation and thus confounding influences between salinity and sediment types. 
Generally, areas with sandier sediments are exposed to greater levels of water 
movement, which erode fine particles and provide an effective mechanism for 
transporting food into the vicinity of filter feeding species, whereas, the deposition 
of fine sediments occurs in calmer waters, thus clogging the structures used to 
filter feed, but creating an abundant food source for deposit feeders (Sanders, 




In addition to the effects of sediment grain size on infaunal species, mobile 
epifaunal species are influenced by the sediment composition. Penaeid prawns, 
which are the focus of many important commercial fisheries (Önal et al., 1991; 
Dichmont et al., 2006; Kompas et al., 2010), not only utilise the benthos as a food 
source, but also bury in the surface layers as a means to avoid predators and lower 
their energy expenditure (Williams 1958; Dall et al., 1990). Given their strong 
association with the benthos, it is not surprising that penaeids have been shown to 
exhibit species specific preferences for particular types of sediment (e.g. Hughes, 
1966; Branford, 1980; Somers, 1987). Both sediment particle size, which influences 




related to food availability (Branford, 1981), have been shown to be important 
factors affecting the sediment preferences of penaeids. 
 
 
While different species exhibit sediment preferences, these preferences may 
change during ontogenetic development (Aziz and Greenwood, 1982). For example, 
a study of the Eastern School Prawn (Metapenaeus macleayi) showed that in both 
field surveys and laboratory experiments, juvenile prawns exhibited a preference 
for fine sediments (i.e. grain < 180 μm), where they could easily bury by fanning 
their pleopods. They struggled to bury, however, in sediments with larger grain 
sizes (i.e. 100-500 μm), as the particles were too large for the small prawns to 
move with their pleopods. Furthermore, as juveniles feed predominantly on small 
invertebrates, plant material and detritus (Ruello, 1973; Dall, 1967), the fine 
sediment would presumably contain larger quantities of food (Sanders, 1958). In 
contrast, M. macleayi adults were found buried in coarser sediments, reflecting the 
fact that they had the strength to move the larger grains and that they feed 
predominantly on larger crustaceans and polychaetes, which were more abundant 
in the coarser sediment (Ruello, 1973). This work concluded that the direct 
influence of sediment grain size on prawns decreased as the prawns grew larger 
and increased their ability to bury in a range of sediments, whereas the reverse 
was true for the indirect effects of sediment grain size, i.e. resulting in a shift in the 
abundance of prey taxa. 
 
 
Burying is a critical component in the life history strategy of penaeids, with many 
species remaining buried in the benthos during the day and emerging from the 
sediments during the night to feed and breed on the surface of the substratum 
(Wickham and Minkler, 1975; Hill, 1985; Dall et al., 1990; Wassenberg and Hill, 
1994). Typically, emergence peaks shortly after dusk and declines slowly until 
 
sunrise, when most individuals bury again in the sediment (Wickham, 1967; Moller 




the duration of the night, e.g. Penaeus semisculcatus (Moller and Jones, 1975; 
Wassenberg and Hill, 1994). Thus, understanding the emergence pattern of a 
species is a key component of its biology and ecology and crucial to any assessment 
of its stock structure and how many prawns are likely to be in the path of fishing 
operations during the diel cycle (Wassenberg and Hill, 1994). 
 
 
The Western School Prawn (Metapenaeus dalli) was once an important target 
species for commercial and recreational fishers in the Swan-Canning Estuary, in 
Western Australia. However, the abundance of this penaeid declined markedly, 
resulting in the cessation of commercial prawning in the 1970s and a dramatic 
reduction in the numbers of recreational fishers since the 1980s, and particularly 
the 1990s (Smith et al., 2007). There is strong anecdotal evidence from 
recreational fishers that, along with the abundance, the spatial distribution of M. 
dalli has changed over the last 30 years, with this penaeid no longer being caught 
upstream of Perth Water (Smithwick et al., 2011). Work on the biology and ecology 
of M. dalli by Potter et al. (1986) demonstrated that individuals of this species 
moved into the upper reaches of the Swan Estuary once salinity increased to ≥30. 
However, declining rainfall as a result of climate change has resulted in these 
waters being more saline now than during the 1980s (Loneragan et al., 1986; 
Cottingham et al., 2014) and thus salinity is unlikely to limit the distribution of M. 
dalli. It is therefore hypothesised that the perceived change in spatial distribution 
of M. dalli has been caused by a potential change in the composition of the benthic 
substrates in the middle and upper Swan Estuary as a result of increased 
sedimentation since the 1980s. 
 
 
As little is known on the influence of sediments on the Western School Prawn 
(Metapenaeus dalli), the aims of this Chapter were to investigate the influence of 




i) The density and length of M. dalli will differ among the 11 sediment types 
identified in the Swan-Canning Estuary (Chapter 2), 
ii) The pattern of relative differences in density and length of M. dalli among 
sediment types will be correlated significantly with differences in the 
composition of the sediment, 
iii) Laboratory based sediment preference experiments will demonstrate that 
 
M. dalli will has a preference for a particular sediment type, and 




3.3: Materials and Methods 
 
 
3.3.1: Field sampling of M. dalli 
 
Individuals of M. dalli were collected from 20 nearshore sites (i.e. <2m deep) and 
 
16 offshore sites (i.e. 2 - 17 m deep) in the Swan-Canning Estuary every 28 days 
between October 2013 and August 2014 (Fig. 3.1). Sampling was conducted at 
least 30 minutes after sunset and was scheduled to occur on or around the new 
moon phase, i.e. when the percentage of the moon illuminated was <10 %. 
Prawning in nearshore waters was conducted using a hand trawl that was 4 m 
wide (when fully stretched, but was on average 2.85 m when fishing), 1.5 m high 
and constricted from 9 mm knotless mesh, The hand trawl was dragged for 200 m, 
covering an average area of ~570 m2. Sampling in offshore waters employed an 
otter trawl that was 2.6 m wide, 0.5 m high and comprised 25 mm mesh. The otter 
trawl was towed a speed of 3 km/h for five minutes, covering an area of ~650 m2. 




The number of M. dalli in each sample was counted and the carapace length (CL), 
i.e. the distance between the orbital indent and the posterior edge of the carapace, 
recorded to the nearest 0.1 mm (Fig. 3.2), except where a large number of prawns 
were caught, in which case the lengths of a random subsample of 100 were 
measured. The number of prawns in each net was then converted to a constant 
density (i.e. 500m2) using the formula 
Number of prawns
Area trawled (either 570 ot 650 m2)
 
 
A range of water quality parameters, namely salinity, water temperature (°C) and 
 
dissolved oxygen concentration (mg L-1) at the surface and bottom of the water 
column, were recorded at each site, on each sampling occasion using a Yellow 






Figure 3.1: Map showing the location of 20 nearshore (z) and 16 offshore (z) sites in the 
Swan-Canning Estuary sampled every 28 days from October 2013 to August 2014. The red 
circle shows the location of the Swan-Canning Estuary in Australia and the photographs 
the sampling methods employed to collect Metapenaeus dalli. The sites with their names 













3.3.2: Differences in the density and length of M. dalli among sediment types 
 
All statistical analyses in this chapter were performed using the PRIMER v6 
multivariate software package (Clarke and Gorley, 2006) and the PERMANOVA+ 
add-on (Anderson et al., 2008), with the exception of the chi-squared tests, which 




A subsample of the abundance data for M. dalli was extracted from a database 
containing the data for all 12 sampling occasions from October 2013 to August 
2014. These data corresponded to information collected during sampling occasions 
that spanned the same season as the one in which the sediment data in Chapter 2 
were obtained, namely summer (i.e. 30th November 2013 – 4th March 2014) and 
winter (i.e. 24th June 2014 to 28th August 2014). As not all 11 of the sediment 
types identified in Chapter 2 were present in both seasons (Fig. 2.7) and because 
both the density (Potter et al., 1986; Tweedley, unpublished data) and the length of 
M. dalli (Potter et al., 1986; Broadley et al., 2014) change seasonally, statistical 
analyses comparing the density and length of M. dalli among the sediment types 
were conducted separately for each season. Note that as very few M. dalli were 
collected in nearshore sites in winter (only 19 individuals in 120 samples) 
nearshore sediment composition did not change significantly between seasons, 




Prior to subjecting the density (individuals per 500m2) and CL length of M. dalli to 
 
Permutational Multivariate Analysis of Variance (PERMANOVA; Anderson et al., 
 
2008), the data for each of the two dependent variables were examined separately 
to determine whether any transformations were required and, if so, the extent to 
which the data needed to be transformed to meet the test assumptions of 
homogenous dispersion among a priori groups (i.e. sediment types). This was 
achieved by calculating the extent of the linear relationship (slope) between the 
loge (mean) and loge (standard deviation) of each variable at all sediment types 
and comparing them to the criteria described in Clarke and Warwick (2001) to 
select the appropriate form of transformation. This analysis demonstrated that 





The transformed data for density and CL were used to construct separate Euclidean 
distance matrices containing all pairs of replicate samples collected in a single 
season (i.e. four matrices, density summer, density winter, CL summer and CL 
winter). Each of these matrices was, in turn, subjected to a one-way PERMANOVA 
to test whether each of the dependent variables (i.e. M. dalli density and CL) 
differed significantly among sediment types in a season. Sediment type was 
considered fixed and the null hypothesis of no significant differences among a 
priori groups was rejected if the significance level (P) was < 5%. Where a significant 
difference was found between a dependent variable and sediment type, a pairwise 
PERMANOVA test was conducted using the same Euclidean distance matrix, to 
determine which pairwise comparison(s) where responsible for the difference. 
 
 
Note that when using a single dependent variable (i.e. a univariate test) and 
employing a Euclidean distance matrix, PERMANOVA’s fully-permutational based 
output (i.e. mean squares, [pseudo] F and P values) is identical to that generated by 
an ANOVA, where the data also meet the additional assumption of being normally 
distributed. The use of PERMANOVA in these analyses was to avoid the effects of a 
highly unbalanced design, due to unequal numbers of sites belonging to the 
different sediment types. PERMANOVA has been shown to be robust to the effects 
of an unbalanced design, particularly when using type III sums of squares (e.g. 
Anderson et al., 2001). However, as the design employed here was particularly 
unbalanced, for example sediment type A contained a single site (i.e. 8 replicates in 
summer) compared to sediment types C or F (i.e. 40 replicate values in summer), 
a second version of the analysis was conducted to check the results. 
 
 
In the second analysis, the first replicate for each dependent variable recorded at 
each site on each sampling occasion and within a sediment type was averaged, 




‘replicates’ per sediment type, per sampling occasion. Such an approach produced 
a balanced design of eight replicates per sediment type in summer and six in 
winter. These data were then used to calculate the Euclidean distance matrices, 
which were subject to the same PERMANOVA tests described above. When the 
outputs of these second PERMANOVA tests were compared to the results obtained 
using the original PERMANOVA design, they were almost identical, with the only 
differences being the relative extents of the test statistic t, which occur because 
this value does not provide a universal measure of group separation (Lek et al., 
2011). Thus, only the results from the first analyses are presented here. 
 
 
3.3.3: Relationships between the density and length of M. dalli and sediment types 
 
If a significant difference in density and/or CL was detected among the sediment 
types in a given season, the RELATE routine was then employed to test the extent 
to which the relative differences in any dependent variable among sediment types 
were significantly correlated with those defined by their suite of sediment 
characteristics. Thus, this procedure determined how similar the pattern of rank 
orders of resemblance were between the Manhattan distance matrices constructed 
from fourth-root density data at each sediment type in a particular season and the 
complementary Manhattan distance matrices constructed from the transformed 
and weighted sediment data for those sediment types present in that season. The 
null hypothesis that there was no relationship in the pattern of rank order 
similarities between the complementary matrices was rejected if the significance 
level (P) was < 5 %. The test statistic, rho (ρ), was used to measure the extent of 
any significant relationships, with values close to 0 reflecting little correlation in 
rank order agreement and those close to 1 reflecting a near perfect match. 
 
 
Non-metric Multidimensional Scaling (nMDS) ordination plots of the sediment 
characteristics for each sediment type in each season were also constructed to 




Circles (‘bubbles’) of proportionate sizes that represented the (untransformed) 
average number of prawns recorded at that sediment type in that season were 
then overlaid to aid in the visual interpretation of the relationships. 
 
 
To further explore the relationships between sediment composition and density of 
M. dalli the Biota and Environment matching routine (BIOENV; Clarke and 
Ainsworth, 1993) was then employed to ascertain whether a greater correlation 
between the complementary sediment and density matrices could be obtained 
using only a particular subset of the sediment characteristics (i.e. any single 
variable or combination of variables), rather than the full suite as employed in the 
RELATE analysis (i.e. the sediment types determined in Chapter 2). The matrices 
used in the BIOENV analyses were identical to those employed in the RELATE 
routine described above, except that to allow all sediment characteristics to have 
equal influence all were given an equal weight (i.e. 100) prior to constructing the 
Manhattan distance matrix. The null hypothesis, and test statistic for these BIOENV 
tests were the same as those for the above RELATE tests. 
 
 
As the sediment types are located in different areas of the Swan-Canning Estuary 
(Fig. 2.7), they are likely to experience different water quality conditions. Thus, the 
above RELATE and BIOENV analyses were also conducted on a Manhattan distance 
matrix constructed from the average values of surface and bottom salinity, water 
temperature and dissolved oxygen concentration recorded at each sediment type 
at the same time as prawns were collected, to determine whether differences in 
density among the sediment types were related to complementary differences in 
water quality. Prior to construction of the matrix, the relationships between each 
pair of environmental variable data were displayed in a Draftsman plot to 
determine whether any of the variables required transformation. No 
transformations were necessary and the data were then normalised to place all 




deviation for each variable (Clarke and Warwick, 2001). This Manhattan distance 
matrix was also used to create an nMDS plot and the average values for particular 
water quality variable(s) (untransformed and normalised) were overlaid on an 
nMDS plot constructed from the average prawn abundance at each sediment type. 
 
3.3.4: Laboratory sediment preference experiments 
 
Individual M. dalli were collected from the offshore waters of Melville Water 
(Fig. 3.1) in the Swan-Canning Estuary using an otter trawl in August 2014. Surface 
and bottom salinities and temperatures were, on average, 23.9 and 29.1 and 15.7 °C 
and 16.4 °C, respectively, at this time. Once collected, the prawns (all of which 
were between 10-15 mm CL) were held in an aerated tank and transported to a 
controlled temperature laboratory and placed in a holding tank. The water 
temperature in the laboratory was set to 21.5 °C, as below 20 °C prawns become 
inactive and spend more time buried in the sediments (Wassenberg and Hill, 1994; 
Park and Loneragan, 1999). The photoperiod was set to 12:12 at 06:00 to 18:00, 
which corresponded closely with the time of sunrise and sunset time in Perth in 
August. All individuals were held in a tank with a salinity of 22 for 48 hours before 
commencing the experiment, in order to allow them to acclimatise to the 
temperature regime and photoperiod (following Aziz and Greenwood, 1982). 




To test the overall hypothesis that a change in the composition of the sediment 
may be responsible for the decline in the abundance of M. dalli in areas of the Swan 
Estuary upstream of Perth Water, sediments were collected from two sites 
(i.e. Garrett Road Bridge [upstream of Perth Water] and Dalkeith [downstream of 
Perth Water]; Fig. 3.1). As well as their location, these two sites differed in their 
prawn density (Table 3.1) and sediment composition (Fig. 2.7). Samples of the 




waters with an Ekman grab at both sites. The sediment types in nearshore waters 
at Garratt Road Bridge were classified as sediment type K, while those in offshore 
water were sediment type G. The nearshore sediments at Dalkeith belonged to 
sediment type D and those in the offshore waters to K. 
 
 
Table 3.1: Comparison of the numbers of Metapenaeus dalli collected from nearshore and 
offshore waters of Garratt Road Bridge and Dalkeith in summer (i.e. November 2013- 
March 2014) and winter (i.e. June-August 2014). 
 
Garratt Road Bridge Dalkeith % at Dalkeith 
 
Nearshore summer 1 38 97 
Nearshore winter 0 2 100 
Offshore summer 31 81 72 
Offshore winter 13 27 68 




Sediment samples were stored in large plastic containers, covered with estuarine 
water and aerated, so as to maintain their natural flora and fauna. In the laboratory, 
six 35 L tanks that measured 45 cm long, 25 cm wide and 30.5 cm high, were 
divided into two equal halves. Each experimental tank was arranged in a ‘latin-
square’ design, to allow each sediment type to occur in every position equally, thus 
removing any preference prawns may have for a particular side of the laboratory 
(Williams, 1958). Sediment from the nearshore waters of Garratt Road Bridge and 
Dalkeith were transferred into the experimental tanks to a depth of 4 cm (Fig. 
3.3a, b). A thin plastic petition was placed on the border between the sediment 
types to prevent mixing of the sediment and/or prawns burying along this divide 
and thus being in both sediments. A thick plastic mesh was then placed in the 
tanks to dampen the flow of estuarine water (salinity = 22) as the tanks were 
being filled and prevent the scouring and resuspension of the different sediments. 





































































Figure 3.3: Photographs showing (a) an experimental tank prior to filling with water, (b) 
nearshore sediments from Dalkeith (left) and Garratt Road Bridge (right) and (c) offshore 




Upon commencing the experiment, a plastic partition was used to divide the tank 
into two, and five individuals of M. dalli were transferred from the holding tank 
into each side of each experiment tank (i.e. ten prawns per tank) during daylight 
hours. After introduction to the tanks, the prawns immediately buried and the 
partition was removed, giving prawns access to both sediment types over the 
duration of the experiment (following Williams, 1958). No biotic data were 
recorded for the first 24 hours to allow the prawns to interact with both sediment 
types (following Aziz and Greenwood, 1982; Williams, 1958). 
 
 
The prawns were counted, and their stage of activity and position in the tank 
(i.e. location with respect to the sediment) noted at 16:00 the following day after 
being released into the tank. These observations were repeated every 2 hours over 
a 24 hour period. The stages of activity were recorded using the stages described 
by Pinn and Ansell (1993): 
Stage 0: Prawn swimming in water column, 
 
Stage 1: Prawn entirely on sediment surface, i.e. not buried, 
 
Stage 2: The whole dorsal surface of the prawn showing above the substratum i.e. 
 
only the pleopods and pereopods are buried, 
 
Stage 3: The carapace showing above the substratum i.e. the abdomen was buried 
but the carapace and head could be seen, and 
Stage 4: The entire body buried beneath the substratum surface. This was the final 
stage of burial, but the antennae, eyes and occasionally, antennules were 
left visible on the surface. 
 
 
Measurements of salinity, water temperature (°C) and dissolved oxygen 
concentration (mg L-1) were recorded in each of the six tanks every 2 hours over 
the course of the experiment. Analysis of these data demonstrated that none of 
these water quality parameters differed among tanks or changed during the 




At the conclusion of each experiment (i.e. 16:00 on the following day), a plastic 
partition was placed between the sediments, the water drained, sediment 
excavated and the prawns buried in each sediment type counted. The experiment 
was then repeated using the same method, but using sediments from the offshore 
waters of Garratt Road Bridge and Dalkeith (Fig. 3.3c) and a new group of M. dalli. 
However, as the sediment in the offshore waters contains greater proportions of 
particulate organic matter and fine inorganic grain sizes (Fig. 2.6) prawn activity 
resuspended the sediment and reduced the accuracy of visual counts. As a result, 
prawns were counted only at the start and the end of the experiment and no 





3.3.5: Statistical analyses of sediment preference 
 
The percentage of prawns on each sediment type was calculated. The results of 
the 24 hours and six tanks were pooled to test the hypothesis that the proportion 
of prawns would not differ between sediment types. These data were tested using 
a chi-square test in SPSS, with the expectation that 50% of the prawns would be 





3.3.6: Description of burrowing behaviors 
 
The burrowing behaviour of M. dalli was analysed in a separate, smaller tank that 
was filled (2.5 cm deep) with nearshore sediment collected from Point Walter. A 
prawn (CL = 12 mm) was placed just above the sediment and released to bury into 
the substrate. Burrowing was filmed on a digital camera, and replayed in slow 






3.4.1: Differences in the density of M. dalli among sediment types 
 
Sediment types have separated clearly into those from offshore waters (A to G) 
and those in the nearshore waters (H to K; Chapter 2, Fig. 2.7). The statistical 
comparisons between densities and CL and sediment type incorporate data from 
otter trawls only for sediment types A to G and hand trawls only for H to K. Care 




One-way PERMANOVA demonstrated that the density of M. dalli differed 
significantly among the 10 sediment types present in summer (P = 0.01%; Table 
3.2). The pairwise PERMANOVA identified significant differences between 27 of 
the 45 combinations of sediment type (Table 3.3). The t statistic, which reflects the 
magnitude of the differences between pairwise comparisons, was typically greatest 
for tests involving sediment types H and I in the nearshore waters (hand trawl 
data). These relatively high values were caused by the far smaller density of M. 
dalli recorded in summer (i.e. ~0.25 and ~0.75 500 m-2, respectively: Fig. 3.4). 
Moderately high t statistics were generated from comparisons involving sediment 
types C, D and F (offshore waters and otter trawl data), due to the far greater 
density of prawns recorded at these sites in summer (i.e. ~9.3 - ~11.50 prawns 
500 m-2) than the other sediment types (i.e. ~0.2 – ~4.2 prawns 500 m-2). In 
contrast, no significant differences were recorded at sediment types E, G, J and K, 
where the average density of M. dalli was very similar and ranged from ~2.3 – 
~2.4 prawns 500 m-2 (Table 3.3; Fig. 3.4). 
 
Table 3.2: Mean squares (MS), pseudo F-ratios and significance levels (P) from a one-way 
PERMANOVA test on the density of Metapenaeus dalli recorded at each of the 10 sediment 
types present in the Swan-Canning Estuary in summer (i.e. November 2013-March 2014). 
df= degrees of freedom. 
 
Main effect df MS Pseudo-F P 
Sediment type 9  6.31 13.24 0.01 


















Table 3.3: t-statistic values derived from a pairwise PERMANOVA test on the density of 
Metapenaeus dalli recorded at each of the ten sediment types present in the Swan-Canning 
Estuary in summer (i.e. November 2013-March 2014). Insignificant pairwise comparisons 
(i.e. P >5%) are highlighted in grey. Sediment types A to G were from the offshore waters 
with matching density data from otter trawls, while those from H to K were in nearshore 
waters with density data from hand trawls. 
 
A C D E F G H I J 
C 0.208  





0.994 1.163 0.848 3.046 
2.044 2.895 3.913 1.069 4.165 
H 6.734 5.889 13.065 4.567 7.897 2.665 
I 3.963 5.140 6.656 2.862 6.949 1.353 1.716  
J 2.529 4.964 4.450 
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Figure 3.4: The average density of Metapenaeus dalli (500m-2) recorded at each of the 
sediment types present in the (a) offshore and (b) nearshore waters of the Swan-Canning 
Estuary in summer (i.e. November 2013-March 2014). Error bars represent ±1 standard 
error. Sediment types A to G were from the offshore waters with matching density data 
from otter trawls, while those from H to K were in nearshore waters with density data 

















No significant difference was detected in the density of M. dalli among the three 
offshore sediment types present in winter (P = 70.73%; Table 3.4). Although there 
was a relatively large difference in the average density of M. dalli in otter trawls 
recorded, sediment at types B, D and G in winter (i.e. ~27.5, ~16 and ~12 prawns 
500m-2, respectively) varied by more than two fold, there was a large amount of 
variability in those averages the variation in density was large, particularly that at 
sediment type B (Fig. 3.5), which accounts for the lack of a significant difference 
among the mean densities. 
 
 
Table 3.4: Mean squares (MS), pseudo F-ratios and significance levels (P) from a one-way 
PERMANOVA test on the density of Metapenaeus dalli recorded at each of the three 
sediment types present in the Swan-Canning Estuary in winter (i.e. June-August 2014). df= 
degrees of freedom. Sediment types are all from the offshore waters and density data are 
from otter trawls. 
 
Main effect df MS Pseudo-F P 
Sediment type 2 0.26 0.36 70.73 



























Figure 3.5: The average density of Metapenaeus dalli (500m-2) recorded at each of the 
three sediment types present in the Swan-Canning Estuary in winter (i.e. June-August 
2014). Error bars represent ±1 standard error. Sediment types are all from the offshore 














3.4.2: Differences in the carapace length of M. dalli among sediment types 
 
One-way PERMANOVA demonstrated that the CL of M. dalli found in the 10 
sediment types present in summer did not differ significantly (P = 99.99%; Table 
3.5). This lack of a significant difference in CL is reflected in the fact that the 
average CL was consistent among sediment types and ranged only from ~16.7 to 




Table 3.5: Mean squares (MS), pseudo F-ratios and significance levels (P) from a one-way 
PERMANOVA test on the C1 length of Metapenaeus dalli recorded in each of the ten 
sediment types present in the Swan-Canning Estuary in summer (i.e. November 2013- 
March 2014). df= degrees of freedom. 
 
Main effect df MS Pseudo-F P 
Sediment type 9 0.01 0.37 99.99 
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Figure 3.6: The average carapace length (CL) of Metapenaeus dalli recorded at each of the 
sediment types present in the (a) offshore and (b) offshore waters of the Swan-Canning 
Estuary in summer (i.e. November 2013-March 2014). Error bars represent ±1 standard 
error. Note sediment H has no error bar as only a single individual was recorded. Sediment 
types A to G were from the offshore waters with matching carapace length data from otter 















No significant difference was detected in average CL of M. dalli recorded at the 
three sediment types present in offshore waters in winter (P = 24.60%; Table 3.6). 
Differences in CL among the sediment types were minimal, the values ranging from 




Table 3.6: Mean squares (MS), pseudo F-ratios and significance levels (P) from a one-way 
PERMANOVA test on the carapace 1 length of Metapenaeus dalli recorded in each of the 
three sediment types present in the Swan-Canning Estuary in winter (i.e. June-August 
2014). df= degrees of freedom. 
 
Main effect df MS Pseudo-F P 
Sediment type 2 3.98 1.42 24.60  
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Figure 3.7: The average Carapace length of Metapenaeus dalli recorded at each of the 
three sediment types present in the Swan-Canning Estuary in winter (i.e. June-August 
2014). Error bars represent ±1 standard error. Sediment types are all from the offshore 




3.4.3: Relationship between the density of M. dalli among sediment types and 
environmental variables 
As the PERMANOVA test above demonstrated that the density of M. dalli in summer 
differed significantly among the ten sediment types present at that time of year, the 
RELATE test was then employed to ascertain whether the pattern of relative 




significantly correlated with that defined by their sediment composition. This 
analysis showed that there was no significant correlation between the rank orders 
of resemblance between the two data matrices (P = 9.38%; ρ = 0.199). This lack of 
matching patterns can be seen in the nMDS ordination plot (cf. Fig. 3.8a, b). For 
example, while the marked separation between the offshore and nearshore 
sediment types in terms of their sediment characteristics (Fig. 3.8a) is generally 
reflected in those sediment types due to offshore sediment types yielding a greater 
average density of M. dalli (Fig. 3.8b), this was not the case for A and G vs. K and J, 
which exhibited similar densities of prawns despite markedly different sediment 
compositions. Furthermore, while sediment types E and F were closely related in 




BIOENV was then used to determine whether a significant and greater correlation 
could be achieved between sediment composition and density of M. dalli by 
employing a subset of the eight sediment characteristics. This was achieved when 
the sediment matrix was constructed from only the <63, 125-249 and 1,000-1999 
µm inorganic fractions (P = 3.20%; ρ = 0.354). Once again, there was clear 
separation of the nearshore and offshore sediments types, with the former group 
containing greater proportions of the <63 and 125-249 µm fractions, while the 
1,000-1,999 µm fraction helped to account for the differences in sediment types 
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Figure 3.8: (a) nMDS ordination plots constructed from the average of the full suite of 
eight sediment characteristics at each sediment type. (b) and (c) Bubble plots of mean 
density of M. dalli and the subset of three sediment characters selected by the BIOENV 
procedure that best match the spatial pattern displayed in the sediment types are 
superimposed on the nMDS ordinations as circles of proportionate sizes in (a). Sediment 
types A to G are from offshore waters with prawn density data from otter trawls, while 




RELATE was then employed to determine whether the differences in the density of 
M. dalli among sediment types were also correlated to changes in water quality (i.e. 
surface and bottom salinity, water temperature and dissolved oxygen 
concentration). This analysis demonstrated that there was no correlation between 
the two matrices (P = 68.80%; ρ = -0.106). Visual comparisons of the spatial pattern 
of sediment types as defined by their average water quality characteristics and 
average density of M. dalli in summer show that there was no obvious trend (Fig. 
3.9a, b). For example, while sediment type G, experienced relatively distinct 
water quality conditions (higher temperatures and lower dissolved oxygen 
concentrations), the average density of prawns was similar to other sediment 
types located on the opposite side of the nMDS plot (i.e. E, J, and K). Furthermore, 
sediment types D, F H and I formed a distinct cluster on the right side of the nMDS 
plot, yet their density of prawns differed markedly (Fig. 3.9b). 
 
 
BIOENV analysis demonstrated that even with a subset of water quality 
parameters, there was no significant correlation to the density of M. dalli 
(P = 45.70%; ρ = 214). Thus, while the values of bottom temperature increased and 
those for surface dissolved oxygen concentration decreased from left to right on 
the nMDS plot these did not match those patterns in prawn density 
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Figure 3.9: (a) nMDS ordination plots constructed from the average of the full suite of six 
water quality parameters at each sediment type in summer (i.e. November 2013-March 
2014). (b)and (c) Bubble plots of mean density of M. dalli and the subset of two water 
quality parameters selected by the BIOENV procedure that best match the spatial pattern 
displayed in the density of M. dalli are superimposed on the nMDS ordinations as circles of 
proportionate sizes in (a). Sediment types A to G are from offshore waters, while sediments 
















3.4.4: Daily activity patterns of M. dalli 
 
During daylight hours (i.e. 06:00-17:59) the vast majority of prawns remained 
buried in the sediment (stage 4; Fig. 3.10). Prawns first emerged at 18:00 when 
35% of the prawns had emerged completely (stage 1), while another 17% had 
reduced their burial depth and were classified as either stage 2 or 3. During this 
time the prawns were actively foraging in the sediment. The number of emerged 
prawns decreased gradually throughout the night from a maximum of 35% at dusk 
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Figure 3.10: Mean percentage of Metapenaeus dalli in different stages of emergence at 2h 
intervals over 24h. Stage 0 , Stage 1 , Stage 2 , Stage 3  and Stage 4 . The bar on the x-




3.4.5: Laboratory sediment preference experiments 
 
Pooling the results from all replicates of the nearshore sediments, the percentage 
occurrence of M. dalli was significantly higher on the sediments from Dalkeith 
(i.e. 39 prawns, 65%) than between the nearshore sediments of Garratt Road Bridge 
(i.e. 21 prawns, 35%; 𝑋2= 4.82; p = 0.028). Variation in sediment preference was 
found between tanks:  in three tanks between 80-90% of individuals were found 
buried in the Dalkeith sediments, while in the other three tanks no clear pattern was 
found, i.e. 40-50% of prawns were found in the Dalkeith sediments (Fig. 3.11a).  
 
For the offshore sediment comparison, a stronger preference was found for the 
Dalkeith sediments than those from Garratt Road Bridge. Over all tanks, 68% of the 
prawns were found in Dalkeith sediments (𝑋2 = 7.36; p = 0.007) and in four tanks, 
70-80% of individuals were found in the Dalkeith sediments, with a 50:50 split in 














































































Figure 3.11: The percentage occurrence of M. dalli found buried in the Garratt Road Bridge () 
and Dalkeith () (a) nearshore and (b) offshore sediments after 48h in the experimental tanks.  




3.4.6: Description of burrowing behaviors 
 
Metapenaeus dalli buries itself by fanning sediment backwards with pleopods 
(Fig. 3.12a), whilst simultaneously moving forwards and downwards into the 
sediment using the pereopods. A “flicking” motion using the whole body, ending 
with a flick of the tail, helps push the prawn further into the sediment (Fig.3.12b). 
The antennae push together in a swiping motion and push the sediment over the 
back of the prawn as it continues to bury deeper into the substrate (Fig.3.12c). 
Within about 17 seconds, the prawn is completely buried within the sediment. 
Sometimes the whole body is buried while the eyes, antennae and rostrum, remain 
visible. For the following ~30 seconds, the prawn usually continues to slowly bury 
itself even further into the sediment using occasional movements of the pleopods 
and pereopods. After this, the antennae are usually pulled into the sediment, and 
the prawn is not visible. The time taken to complete the burial process depends on 
the sediment type; thus the time taken for M. dalli to bury in the sediments 
from Garratt Road Bridge was almost twice that required for Dalkeith sediments. 
The depth of burial was ~1 cm under the surface of the sediment and 



















































Figure 3.12: Still frames of the burial process of Metapenaeus dalli in the laboratory at (a) 






This chapter aimed to establish firstly, whether the density and length of M. dalli 
differed among the various sediment types identified in Chapter 2 and, if so, 
whether the pattern of relative differences matched those defined by the sediment 
and water quality characteristics. Secondly, sediment preference experiments were 
also conducted in the laboratory to assess, in a controlled environment, whether 
prawns had a preference for one of two contrasting sediment types. This latter 
experiment also provided an opportunity to describe the diel pattern of emergence 





3.5.1: Influence of sediment type on M. dalli density in summer 
 
The results of a one-way crossed PERMANOVA demonstrated that prawn density 
differed significantly among the 10 sediment types during summer (i.e. November 
2013 - March 2014). This difference was due, in part, to greater densities of M. dalli 
being recorded in the offshore sediment types, particularly C, D and F, and lower 
densities being recorded in the nearshore sediment types, particularly H and I. 
Greater densities of M. dalli in the offshore compared to the nearshore waters of 
the Swan-Canning Estuary was also recorded by Potter et al. (1986). The absence 
of prawns (either M. dalli or the Western King Prawn Penaeus latisulcatus) in seine 
net samples collected during daylight hours in this system (Tweedley, unpublished 
data) suggests that the majority retreat and bury in the sediments in offshore 
waters during the day. Therefore the lower densities of M. dalli recorded in the 
nearshore waters may reflect both the fact that only a subset of the population 
move into the nearshore waters at night and/or that these species exhibit a 





This latter theory is supported by the work of by Aziz and Greenwood (1982), 
which demonstrated that Metapenaeus bennettae had distinct preferences for 
sediments containing finer particles, a common trend with many penaeid prawns 
(e.g. Moller and Jones, 1975; Ruello, 1973). The latter study, in particular, used 
different grades of natural sediments and a similar methodology to the one 
employed here, and results showed that Metapenaeus macleayi exhibited a 
preference for fine sandy substrates. This was attributed to the smaller grain sizes 
being physically less taxing to move and thus easier for the prawn to bury in 
(Ruello, 1973; Aziz and Greenwood, 1982). This is likely to also be the case with M. 
dalli as this species is slightly smaller in size than M. macleayi (cf. Grey et al., 1983; 
Potter et al., 1986). Furthermore, the high organic content of these sediments, 
coupled with the calmer conditions associated with these environments, presents 
a much more desirable environment for the prawns to live on, thus being 





The lowest density of M. dalli in the offshore waters was recorded in sediment type 
G, which agrees with the anecdotal evidence from recreational fishers that there 
are fewer prawns in the areas upstream of Perth Water. It is therefore relevant 
that sediment of this type (i.e. G) contained the lowest percentage contributions of 
organic matter and finer inorganic particles (Fig. 2.6 and see later for discussion of 





3.5.2: Influence of sediment type on M. dalli density in winter 
 
In contrast to the situation in summer when the density of M. dalli differed among 
sediment types, no such trend was detected in winter. This could be attributed to a 
lesser number of sediment types present throughout the estuary during winter (i.e. 




climate experienced by Perth (Spencer, 1956; Hodgkin and Hesp, 1998) results in 
heavy freshwater discharge during the winter months (Kanadjembo et al., 2001; 
Thrush et al., 2004; Hoeksema and Potter, 2006). This flow scoured the sediments 
and reduced the environmental heterogeneity (Fig. 2.6, 2.7). While in summer, due 
to the typically very low rainfall and thus freshwater discharge and the small tidal 
range, the environmental conditions in the Swan-Canning Estuary are relatively 
stable (Potter et al., in press). This is not the case in winter and a pronounced 
longitudinal salinity gradient is present along which fauna partition themselves 
(e.g. Loneragan et al., 1989; Wildsmith, 2007; Hourston et al., 2011). However, the 
two major sediment types present in this season were both spread throughout the 
full spatial extent of the area sampled (Fig. 2.7), removing any confounding effects 





3.5.3: Influence of water quality on M. dalli density 
 
Significant differences in the density of M. dalli among the sediment types were 
detected in summer, however, RELATE demonstrated that the pattern of relative 
differences in density did not match those in water quality (i.e. salinity, water 
temperature and dissolved oxygen concentration). Furthermore, even when all 
possible combinations of variables were employed, no significant correlations were 
detected. This is a reflection of a number of factors. Firstly, M. dalli in south- 
western Australia exhibits the life history characteristics of an estuarine species 
sensu Potter et al. (2015), i.e. completes its life cycle within the estuary (Potter et 
al., 1986). As such, it must have adapted to the estuarine mode of life and being 
exposed to the seasonal changes in salinity that occur in this system. It is therefore 
relevant that individuals of this species have been recorded in salinities of 0.5 in 
the Swan-Canning Estuary (James Tweedley, Murdoch University, unpublished 
data) and occurs in marine water, as well as the hypersaline waters of Shark Bay 




occurs in south-eastern Australia (Dall et al., 1983), can osmoregulate over a 
salinity range of 1-62 (Aziz and Greenwood, 1981; Dall, 1981). 
 
 
Secondly, as mentioned above, environmental conditions within the Swan-Canning 
Estuary are relatively stable during the warm, dry summer months and thus water 
quality, particularly salinity and temperature do not differ much among sediment 
types (Appendix 1). Furthermore, while Tweedley et al. (2015b) demonstrated 
that crustaceans are particularly sensitive to the effects of hypoxia in the Swan-
Canning Estuary and that levels of dissolved oxygen have been significantly 
negatively correlated with commercial catches of M. macleayi in the Hawkesbury 
river in New South Wales (Pinto and Maheshwari, 2012), no major hypoxic events 
were detected during the course of this study. On several occasions hypoxia (i.e. 
dissolved oxygen concentrations < 2 mg L-1) was detected at individual sites in the 
offshore waters and almost always resulted in no prawns being caught. These 
findings agree with the work of Wu et al. (2002), who showed that Metapenaeus 





3.5.4: Influence of sediment type on M. dalli length 
 
No significant difference was detected in the average CL of M. dalli and sediment 
type in either summer or winter. The results of other studies have revealed that 
many species of prawns do exhibit size differences across different sediment types 
(Williams, 1958). However, Courtney et al. (1995) showed that there were no clear 
trends in the size distribution of the Eastern King Prawns, Penaeus plebejus, in 
Morton Bay in Queensland (Australia). These authors suggested that this may be a 
result of the mobility and migratory behavior of the species within the estuary 
(Courtney et al., 1995). A similar explanation may be valid for M. dalli in the Swan- 




abundance have been reported over relatively short temporal scales (two to four 





3.5.5: Laboratory sediment preference experiments 
 
Sediment preference experiments were conducted under controlled conditions in 
the laboratory to help validate the above correlations between the density of 
M. dalli and sediment type recorded from the Swan-Canning Estuary. These 
experiments were controlled for all other environmental factors, and thus removed 
the confounding effects of differences in the overlying water phyisco- chemistry 
from the analyses of the field data. The results of the sediment preference 
experiments demonstrated that M. dalli are sensitive to light, with all individuals 
remaining almost completely buried in the sediment during daylight hours (06:00-
17:59), but emerging and being active as soon as it was dark. A similar and 
immediate response to dark by emerging has also been recorded for many 
species of penaeid, such as Metapenaeus endeavouri (Park and Loneragan, 1999), 
Penaeus semisulcatus (Kutty and Murugapoopathy, 1968; Lui and Loneragan, 1997) 
and for Penaeus aztecus (Dall et al., 1990) and a number of other species 
(Wassenberg and Hill, 1994). Such a dramatic response to the presence or absence 
of light has long been thought of as a response to the risk of predation, which 
also has the added bonus of reducing the individual’s energy demands (Dall et al., 
1990). Activity reached a peak upon darkness and declined steadily throughout 
the remaining hours of darkness, a trend also known to occur in Penaeus 
duorarum, although the reasons why are unclear (Fuss, 1964; Fuss and Ogren, 
1966; Wickham, 1967). 
 
 
A chi-square test demonstrated that in both the nearshore and offshore sediments 
M. dalli exhibited a preference for the sediment at Dalkeith rather than Garratt 




The offshore sediment at Dalkeith had a higher percentage contribution of organic 
matter and larger proportions of inorganic grain sizes <124 µm, indicating that 
M. dalli have a preference for finer grained sediments. These results have been 
reflected in numerous other studies of sediment preference for penaeids 
(e.g. Ruello, 1973; Jones and Moller, 1975; Aziz and Greenwood, 1982), where 
species such as M. macleayi, M. bennettae and Penaeus monodon all displayed 
preferences for finer sediment types. The preference is thought to correspond to 
the physical ease of moving the particles to bury, enabling the animal to bury in the 
sediment more rapidly and thus avoid predators (Ruello, 1973; Aziz and 
Greenwood, 1982). It is also noteworthy that visual observation of the burial 
behavior (Fig. 3. 12) indicated that the length of time required to bury 
completely into the sediment was far longer in the sediment from Garratt Road 
Bridge than that from Dalkeith, with the prawns sometimes struggling to dislodge 
and move large particles that had become bound together in the former sediment. 
 
 
In the nearshore sediments experiment, prawns again exhibited a preference for 
the Dalkeith sediment. However, as both sediments contained similar levels of fine 
sediments and the percentage amount of organic matter was greater at Garratt 
Road Bridge, it is suggested that the preference for Dalkieth sediment is a reflection 
of the higher proportion of inorganic grains > 1,000 µm present in the Garrett 
Road Bridge sediments. These larger grains of sediment would be far harder to 







In summary, this study of sediments and Metapenaeus dalli has demonstrated that 
there was a significant difference between the density of M. dalli among sediment 
types during summer, but not during winter. The lack of difference reflects the 
homogeneity among sediment types caused by the effects of heavy freshwater 
discharge on the presence of fine particles. While the changes in the density of 
M. dalli in summer were correlated to those among sediment types, they were not 
related to differences in salinity, water temperature or dissolved oxygen 
concentration. This reflects both the euryhaline ability of Metapenaeids and the 
fact that during summer, water quality is fairly consistent throughout the area of 
the Swan-Canning Estuary where prawns were caught. The sediment preference 
experiments conducted, under controlled conditions, in the laboratory 
demonstrated that M. dalli had a significant preference for sediment from Dalkeith, 
rather than further upstream at Garratt Road Bridge, and that prawns were able to 
bury more quickly in the sediments from Dalkeith. These findings support the 
hypothesis that a change in sediment composition may have been partially 
responsible for the lower recreational catches of M. dalli in the waters around 
Garrett Road Bridge. Finally, the laboratory experiments also demonstrated that 
the emergence and activity patterns of M. dalli, like those of many other penaeid 





Appendix 1: Weekly vertical contour plots of salinity measured at monitoring stations 
along the length of the (a-d) Swan Estuary and (e-h) Canning Estuary for two occasions in 
summer (a, b, e, f) and two in winter (c, d, g, h). Red boxes denote the spatial extent of 










Although a number of studies have been conducted on heavy metals and nutrient 
concentrations in the sediments of the Swan-Canning Estuary, few studies have 
investigated particulate organic matter content and sediment composition 
throughout the nearshore and offshore waters of the estuary. Moreover, as 
anecdotal evidence suggested that there has been a downstream shift in the 
distribution of the Western School Prawn (Metapenaeus dalli) in this system, and 
that penaeids have a strong association with the substratum, this study aimed to 
establish if there was any correlation between the sediment composition and the 
abundance of M. dalli. 
 
 
A survey of 20 nearshore and 16 offshore sites in the Swan-Canning Estuary, 
conducted in two seasons, (Chapter 2) demonstrated that sediment composition 
within the estuary differed between water depths, seasons and sites, with the 
influence of water depth being most important. The marked difference in sediment 
composition between the depths was due to far greater percent contributions of 
particulate organic matter and fine inorganic grain sizes being present in the 
sediments obtained from offshore waters. Interestingly, seasonal changes in 
sediment composition were observed only in offshore waters, due to the fact that 
wave and water movement of the surface waters continuously resuspends fine 
particles in the nearshore waters, depositing them into the calmer and deeper 
offshore waters of the basin. 
 
 
These sediment data were then subjected to the CLUSTER and SIMPROF 
procedures to quantitatively classify the 52 site and season combinations into a 
range of sediment types (i.e. 11). These were then graphically displayed to create a 




provide a set of quantitative thresholds to allow the sediment type to which any 
 




Sampling for M. dalli was conducted monthly at each of the 36 sites between 
October 2013 and August 2014. A subset of these data, corresponding to summer 
and winter were then extracted and the density and length of M. dalli compared 
among sediment types. The results demonstrated that the density of M. dalli 
differed among sediment types in summer, but not winter, perhaps due to the 
homogeneity of the sediment types present in the latter season. No difference in 
the average length of M. dalli among sediment types was detected in either season, 




Laboratory experiments, conducted under controlled conditions, were used to 
investigate whether M. dalli exhibited a preference for one of two sediment types, 
one from the upper reaches of the spatial extent of the study (i.e. Garratt Road 
Bridge) and one from the lower reaches (i.e. Dalkeith). The results showed that 
prawns did exhibit a preference for both nearshore and offshore sediments that 
contained a lower percentage contribution of larger grain sizes and/or a higher 
percentage contribution of finer grain sizes (i.e. those at Dalkeith). These 
experiments also revealed that emergence and activity rates of M. dalli are strongly 
related to photoperiod, with individuals preferring to remain buried during 
daylight hours and becoming active during darkness. Visual observation also 
indicated that the prawns were able to bury more rapidly in finer than coarser 
sediments, thus reducing their length of exposure to predators. 
 
 
In summary, this study has provided evidence to show that the composition of the 
sediment does influence M. dalli and that this species exhibits a preference for 




that a change in the sediment composition may be responsible for the shift in 







4.2: Future work 
 
Having produced a statically robust and fully-quantitative method for classifying 
sediments in the Swan-Canning Estuary and a decision tree to identify the sediment 
type to which any new sample (site) belongs, a logical extension of this work 
would be the collection of sediment from sites further upstream (i.e. around 
Guildford in the upper Swan Estuary) and perhaps additional sampling to 
incorporate greater temporal resolution, particularly for offshore waters. The 
classification scheme is very flexible and additional variables, such as the levels of 
particular heavy metals, nutrients and/or non-nutrient contaminants, could also 
be incorporated and the sites reclassified. Further work is also required at finer 
temporal scales (i.e. monthly) to assess the abundance and distribution of M. dalli 
within the Swan-Canning Estuary and determine the relative influence of a broader 
suite of environmental and biotic variables. Finally, further laboratory 
experiments are required to quantify the strength of the sediment preference and 
should focus on testing more sediment types, including a nearshore and offshore 
sediment from the same site, and also determine the sediment preferences of 
different sizes (life stages) of prawns. These laboratory experiments could also be 
extended to incorporate the other large penaeid in the system, the Western King 
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